Mobile power bank (MPB) is an emerging consumer electronic that stores and delivers electricity to other electronics. Nowadays, MPBs are produced and discarded in massive quantities, yet their environmental impacts have never been quantitatively evaluated. Employing a life cycle assessment (LCA) approach, this study assesses the life cycle environmental impacts of MPBs, with a specific focus on comparing the environmental performance of different MPBs that are based on two types of batteries, namely, lithium-ion battery (LIB) and lithium-ion polymer battery (LIPB). The results suggest that battery production is the greatest contributor to the environmental impacts of both MPBs. LIPB based MPB is environmentally friendlier due to its higher energy density and longer cycle life. In addition, it is found that recycling can reduce the environmental burden of MPB industry as well as ease the vast depletion of metals such as cobalt and copper. The sensitivity analysis shows that figuring out an optimal retirement point and using less carbon-intensive electricity can reduce the climate change potential of MPBs. This study provides recommendations to further improve the environmental performance of MPB, including the usage of more sustainable cathode materials, market promoting direction, and formulation of end-of-life management policy. Sustainability 2019, 11, 5148 2 of 24
Introduction
Due to rapid technological developments and socio-psychological needs, new generations of consumer electronics (CE), such as smart wearables and smart phones, are being commercialized and popularized at an unprecedented speed. Ubiquitous use of CE triggers an increasing demand on portable power sources. Consequently, mobile power bank (MPB) or portable power bank, a new type of CE, has emerged and been widely adopted. In essence, MPB is a portable charger that stores and supplies electric energy to a wide range of CE, including mobile phones, tablet computers, smart wearables, and even laptops. During past years, the MPB market has grown steadily and rapidly. By the end of 2017, the MPB market in China alone has reached $4.53 billion dollar [1] . Owning to high energy density, light weight, long lifespan, and low self-discharging rate [2, 3] , most of the MPBs use lithium-based batteries. In most cases, two types of batteries are used in MPBs, namely lithium-ion batteries (LIBs) and lithium-ion polymer batteries (LIPBs).
(i) To evaluate the life cycle environmental impacts of the MPB model and identify influential materials and processes from cradle to grave. (ii) To compare the environmental performance of the LIB based MPB and LIPB based MPB and analyze causes of the differences.
Functional Unit
Functional unit (FU) is defined as the quantified performance of a product system for use as a reference unit [16] , providing a functionally equivalent basis that makes the comparison of several products or systems feasible [17] . As the service provided by MPB is electricity storage and delivery, the FU is set to one watt-hour of electricity delivery (1 Wh) . This is because the primary differences of MPBs lie in the battery types, energy densities, cycle lives, and efficiencies, and these parameters greatly affect the amount of electricity stored and delivered during MPB's life cycle [18, 19] . This FU has been widely used in LCA of vehicle batteries and energy storage systems (ESSs) [20, 21] .
To provide a holistic view of the available MPB models on the market, we did a survey on the parameters of fifty best-selling MPB models in the Chinese market that ranked on JD (www.jd.com), a popular online mall which has 292.5 million annual active customer accounts in 2017 [22] . The detailed parameter information of these models is presented in Table A1 of the Appendix A, and the statistical results are shown in Figure 1 . According to the survey results, we take two popular types of MPBs on the market as our research objects, i.e., a LIB based MPB with nominal capacity of 37.44 Wh (3.6 V/10,400 mAh) and a LIPB based MPB with nominal capacity of 37 Wh (3.7 V/10,000 mAh). 
Goal and Scope
The primary goals of the LCA methodology include: (i) To evaluate the life cycle environmental impacts of the MPB model and identify influential materials and processes from cradle to grave.
(ii) To compare the environmental performance of the LIB based MPB and LIPB based MPB and analyze causes of the differences.
Functional Unit
To provide a holistic view of the available MPB models on the market, we did a survey on the parameters of fifty best-selling MPB models in the Chinese market that ranked on JD (www.jd.com), a popular online mall which has 292.5 million annual active customer accounts in 2017 [22] . The detailed parameter information of these models is presented in Table A1 of the Appendix A, and the statistical results are shown in Figure 1 . According to the survey results, we take two popular types of MPBs on the market as our research objects, i.e., a LIB based MPB with nominal capacity of 37.44 Wh (3.6 V/10,400 mAh) and a LIPB based MPB with nominal capacity of 37 Wh (3.7 V/10,000 mAh). The selected MPBs in this study contain three modules, i.e., batteries, packaging, and PCB. Battery charger and other components like charging cable, liquid crystal display (LCD), and others are excluded as they are not the essential components and have significant differences due to models. Figure 2 shows the boundary of the foreground system, which covers the whole life cycle of MPB. The life cycle of MPB can be divided into three phases: (1) production phase, (2) use phase, and (3) recycling phase. The processes included in the life cycle are the extraction of raw materials, the production of the battery cell and its components, the assembly of MPB, the use phase, the delivery of the stored electricity, the transportation, and the final disposal process as well. Since little is known about recycling of MPB, this study proposes an ideal recycling model, as its three main components are all supposed to be recycled. The selected MPBs in this study contain three modules, i.e., batteries, packaging, and PCB. Battery charger and other components like charging cable, liquid crystal display (LCD), and others are excluded as they are not the essential components and have significant differences due to models. Figure 2 shows the boundary of the foreground system, which covers the whole life cycle of MPB. The life cycle of MPB can be divided into three phases: (1) production phase, (2) use phase, and (3) recycling phase. The processes included in the life cycle are the extraction of raw materials, the production of the battery cell and its components, the assembly of MPB, the use phase, the delivery of the stored electricity, the transportation, and the final disposal process as well. Since little is known about recycling of MPB, this study proposes an ideal recycling model, as its three main components are all supposed to be recycled. 
System Boundaries

Life Cycle Inventory
This section aims to present all the data and assumptions considered for all relevant processes in the MPB life cycle. The data used in this study are divided into primary data and secondary data, and Figure 2 presents the data types of each process of MPB. The primary data, including MPB module composition and the weight of each module, are obtained by manually dismantling and weighing, and the charging and discharging efficiency of MPB are obtained through charging and discharging MPBs in various states. Nevertheless, due to the commercial confidentiality, detailed inventory data of components like LIBs and PCBs are always in short supply [19] . With reference to relevant study in this field, secondary data from several classic publications [23] [24] [25] and manufacturer's guidance are employed. Table 1 summarizes the characteristics of the two types of MPB models, and a detailed LCI built for the two types of MPB models is further collected and compiled in Table A2 of the Appendix A. The selected two types of MPBs were disassembled and weighed separately to identify the bills of composition, which are shown in Figure 3 . In general, both MPBs consist of three modules: battery, printed circuit board (PCB), and packaging, in which battery is the core module responsible for energy storage and release. Moreover, the composition of electrode of the two batteries is essentially the same, and the major difference lies in the structure-LIPBs additionally use a polymer material 
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Production
The selected two types of MPBs were disassembled and weighed separately to identify the bills of composition, which are shown in Figure 3 . In general, both MPBs consist of three modules: battery, printed circuit board (PCB), and packaging, in which battery is the core module responsible for energy storage and release. Moreover, the composition of electrode of the two batteries is essentially the same, and the major difference lies in the structure-LIPBs additionally use a polymer material to produce a conductive gel with electrolyte based on the electrolyte of LIBs [29] . Table 2 shows the material compositions and mass ratio of the three modules in MPB.
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(a) (b) As the core module in MPB, the batteries are responsible for energy storage and delivery. The most commonly-used LIBs in MPBs are 18650 batteries, which consist of five major subcomponents: anode, cathode, separator, electrolyte, and cell container. The detailed schematic of LIB assembly processes and manufacturing processes are given in Figure A1 in the appendix. For LIPB, most of the production processes and materials are as the same as those of LIB, and the main difference lies in the electrolyte: the LIB uses the liquid electrolyte while the LIPB uses the gel polymer electrolyte [29] .
PCB plays a decisive role in the energy management of MPB. It can be divided into two parts: boost system and charge management system, which are responsible for managing and monitoring the charging-discharging of MPB and preventing situations of over-charging or over-discharging. According to Majeau-Bettez et al. [24] , integrated circuits account for about 10 wt% of PCB; copper wires are assumed to represent half of the mass, and a stainless-steel container takes the remainder. The packaging of MPB is mainly made of plastic or aluminum alloy, both materials have their own advantages: plastic is lighter, while aluminum alloy is more conducive to heat dissipation and being able to absorb more energy shock. According to the manufacturer's guidance, the packaging of both types of MPB in this study is mainly made of aluminum alloy. Packaging Aluminum alloy 29. 46 38.53 As the core module in MPB, the batteries are responsible for energy storage and delivery. The most commonly-used LIBs in MPBs are 18650 batteries, which consist of five major subcomponents: anode, cathode, separator, electrolyte, and cell container. The detailed schematic of LIB assembly processes and manufacturing processes are given in Figure A1 in the appendix. For LIPB, most of the production processes and materials are as the same as those of LIB, and the main difference lies in the electrolyte: the LIB uses the liquid electrolyte while the LIPB uses the gel polymer electrolyte [29] .
PCB plays a decisive role in the energy management of MPB. It can be divided into two parts: boost system and charge management system, which are responsible for managing and monitoring the charging-discharging of MPB and preventing situations of over-charging or over-discharging. According to Majeau-Bettez et al. [24] , integrated circuits account for about 10 wt% of PCB; copper wires are assumed to represent half of the mass, and a stainless-steel container takes the remainder. The packaging of MPB is mainly made of plastic or aluminum alloy, both materials have their own advantages: plastic is lighter, while aluminum alloy is more conducive to heat dissipation and being able to absorb more energy shock. According to the manufacturer's guidance, the packaging of both types of MPB in this study is mainly made of aluminum alloy.
Most of the energy consumption and transportation during the manufacturing processes of three modules are considered in this study, except for the energy consumption of MPB assembly, since no data can be found. The detailed data and assumptions of energy consumption and transportation are all compiled into Table A2 .
Use
The use phase is modeled as the electricity losses from MPB's internal resistance and self-discharging when delivering electricity to CEs. The internal energy efficiency of MPB is supposed to be in the base case including charging and discharging efficiency. Therefore, we performed charging and discharging tests on these two types of MPBs, which are in several different degradation states, and for simplification, we took the average values from the results of the charging and discharging efficiency tests in this study, as has been shown in Table 1 .
The life cycle of batteries in the MPB is determined based on observing current rate, state of charge (SOC), operating temperature, and depth of discharge (DoD) [30, 31] . For safety purposes and to preserve MPB's life cycle, an 80% DoD is assumed [32] , which means to stop charging the CEs immediately if only 20% of the nominal capacity remained. In general, the battery degrades over time, and its efficiency fades in association with its capacity and power fading, and the initial life of the MPB is thought to be ended with its batteries. Although this measurement is relatively immature, according to the battery degradation model constructed by Faria et al. [33] , the MPB model in this study can still meet the actual discharging capacity of 80% under the proposed cycle life.
Moreover, due to shortened lifespan and rapid replacement, it is assumed that there is no maintenance activity in the use phase; and as heat is the only direct emission from the use phase, it is assumed that the use of MPB does not have any environmental impacts other than the consumption of electricity. The electricity consumption (E use , in Wh) of the MPB during its use phase can be calculated as follows:
where C n is MPB's nominal capacity (Wh), η charging is the charging efficiency, and η discharging is discharging efficiency; DoD is the depth of discharge of the MPB, and T represents the overall cycle life of MPB based on an 80% DoD (times). For both types of MPBs, the charging and discharging efficiency of MPB is assessed through the input/output energy flows of the system, and they can be calculated as:
where E in is the average amount of electricity entering the MPB (e.g., from the grid) (Wh), and E out is the average amount of electricity leaving the MPB (e.g., to the CEs) (Wh).
Recycling
For recycling, the two types of MPBs are firstly manually disassembled with no environmental burdens. Each part is disposed in separate routes as listed in Table 3 . A hydrometallurgical process is employed for the battery recycling, which has been adopted as a major route for battery recycling in China [26] , and the cathode materials and copper are recovered [27] . PCBs are shredded mechanically into particles, and then, copper is extracted through a hydrometallurgical route, and the recycling rate of copper is supposed to be 95 wt%. [28, 34] . Moreover, it is estimated that about 75 wt% of aluminum is still in material cycle [35] ; a 75% recycling rate of aluminum alloy is used in this study, and the environmental impact of packaging recovery is quantified with the reduced environmental impact of primary aluminum alloy production. Secondary materials are supposed to be used to replace primary materials at a substitution ratio of 1:1, as the quality of recycled metallic resources is equivalent to that of pristine ones. 
Data sources
Xie et al., [26] ; Hao et al., [27] Li and Xu, [34] ; Ghosh et al., [28] EcoInvent dataset Considering the whole system boundary of this study includes all of the processes in the MPB's life cycle, detailed material flows can be calculated. MFA is a well-established method for characterizing material flows [32] . Due to the similarity in the structures and compositions of the two types of MPB, we here only quantify the material flows in the overall life cycle of LIB based MPB ( Figure 4 ). We consider input, output, and mass balance indicators, based on the assumption that the average material loss in a single process is 5 wt% [23] . The dominant input flow is in the battery production, followed by the fabrication of packaging. There is no material input and output during the use phase, and the recycling phase focuses on the recovery of the nickel cobalt manganese lithium-ion (NMC) [26] , and copper and aluminum alloy are included in the recycling as well. 
Xie et al., [26] ; Hao et al., [27] Li and Xu, [34] ; Ghosh et al., [28] EcoInvent dataset Considering the whole system boundary of this study includes all of the processes in the MPB's life cycle, detailed material flows can be calculated. MFA is a well-established method for characterizing material flows [32] . Due to the similarity in the structures and compositions of the two types of MPB, we here only quantify the material flows in the overall life cycle of LIB based MPB ( Figure 4 ). We consider input, output, and mass balance indicators, based on the assumption that the average material loss in a single process is 5 wt% [23] . The dominant input flow is in the battery production, followed by the fabrication of packaging. There is no material input and output during the use phase, and the recycling phase focuses on the recovery of the nickel cobalt manganese lithiumion (NMC) [26] , and copper and aluminum alloy are included in the recycling as well. 
Impact Assessment
The life cycle of MPB is modelled by using the software tool GaBi (version 6) with support of EcoInvent 3.3 and Gabi LCI databases. Due to the limited availability of the EcoInvent database, version 1.08 of the ReCiPe method, which has been widely used in the case studies of LIBs [24, 36, 37] , is selected as the method to evaluate the environmental impacts of all life-cycle processes of MPB on the midpoint level. Referring to previous research on assessing the environmental impacts of LIBs [25] , the most commonly-used thirteen midpoint impact categories are selected, i.e., climate change (GWP, in kg CO 2 Eq), fossil depletion (FDP, in kg oil Eq), freshwater ecotoxicity (FETP, in kg 1,4-DCB Eq), freshwater eutrophication (FEP, in kg P Eq), human toxicity (HTP, in kg 1,4-DCB Eq), marine ecotoxicity (METP, in kg 1,4-DCB Eq), marine eutrophication (MEP, in kg N Eq), metal depletion (MDP, in kg Fe Eq), ozone depletion (ODP, in kg CFC-11 Eq), particulate matter formation (PMFP, in kg PM10 Eq), photochemical oxidant formation (POFP, in kg NMVOC), terrestrial acidification (TAP, in kg SO 2 Eq), terrestrial ecotoxicity (TETP, in kg 1,4-DCB Eq).
Sensitivity Analysis
To define the influence of the variation of critical parameters, a sensitivity analysis is performed including three parameters: cycle life of MPB, discharging efficiency, and the sources of electricity consumed in the MPB's life cycle, among which the first two parameters belong to the internal factor of MPB, while the latter one is the external factor.
(1) Internal factor: According to the previous literature [38] , the cycle life and the efficiency varies significantly, and these two parameters are proved to largely affect the energy consumption during the use phase of batteries [39] . To analyze the fluctuations in the environmental impacts to these parameters, two varied scenarios are considered in this study: (a) the lowest and highest values of the cycle life are set to be 50% and 200% of the initial value respectively; (b) for the discharging efficiency, the value is assumed with an alteration of 10 percentage points. (2) External factor: The electricity supplement is required throughout MPB's entire life cycle, and a carbon-intensive electricity mix could result in significant GWP impacts. As one of the world's most carbon-intensive economies [40] , China has set mandatory policies to increase the use of renewable energies [41] . In this case, five different electricity sources including coal, Chinese current electricity grid, natural gas, hydro, and nuclear are built into five different scenarios, and how the electricity mix influences the total impact of MPBs is further assessed.
Results
Results of Life Cycle Assessment
Overall Life Cycle
The total life cycle environmental impacts of the two types of MPBs are presented in Figure 5 . As shown in Figure 5a , there is a significant difference between environmental impacts of LIPB based MPB and LIPB based MPB. Compared with LIPB based MPB, the calculated environmental impacts of LIB based MPB are averaging 72.5% larger in categories like FETP, FEP, HTP, METP, MDP, and TETP, while in the rest of the categories, the environmental impacts of LIPB based MPB are less. The values of these categories are closely related to the electricity consumption. Figure 5b shows that the life cycle phases of the two types of MPBs have similar contributions to most environmental impacts; both production phases have the greatest environmental impact, with average contributions of 66% and 61%, respectively. For LIB based MPB, the contribution of the production phase is over 50% in all the categorized environmental impacts, and the contribution exceeds 66% in the impact categories like FETP, FEP, HTP, METP, MEP, and MDP. In addition, the use phases of LIB based MPB and LIPB based MPB significantly contribute to the impact categories of GWP and FDP, about 41% and 58%, respectively. Since electricity consumption is the only source of environmental impacts in the use phase, the environmental burdens in these categories are mainly attributed to the combustion of coal with the Chinese grid power generation [42] . Moreover, the environmental impact of LIPB based MPB is larger than that of LIB based MPB with an average increment of 7% in the use phase, and this increment can be probably attributed to the longer cycle life of the LIPB based MPB: Through Equation (1), the electric energy consumption of this type of MPB is calculated to be 5.76 kWh throughout its entire cycle life, while the LIB based MPB only consumes 3.94 kWh electricity.
Recycling reduces the environmental impacts of the two types of MPBs by averaging 22%, and the environmental impact of the two types of MPBs are similar. In the recycling phase, the values of the indicators like FETP, HTP, METP, MDP, and TAP are reduced by 31%-42%. This observation proves that the production of raw materials outweighs the environmental burdens associated with recycling, particularly in the category of MDP, the value of which is reduced by 42% due to recycling, as copper and the cathode materials take most of the benefits. The exceptions are the GWP and FDP, as only 1% reduction in these categorized impacts is observed. As it is evident from Table 3 , a great amount of electricity and natural gas are consumed in the hydrometallurgical recycling process of battery, responsible for the significant environmental impacts in the two categories during the recycling phase.
Production Phase
As the production phase has the greatest contributions to most of the environmental categories, this phase of two types of MPBs is further analyzed and compared, and the results are shown in Figure 5b shows that the life cycle phases of the two types of MPBs have similar contributions to most environmental impacts; both production phases have the greatest environmental impact, with average contributions of 66% and 61%, respectively. For LIB based MPB, the contribution of the production phase is over 50% in all the categorized environmental impacts, and the contribution exceeds 66% in the impact categories like FETP, FEP, HTP, METP, MEP, and MDP. In addition, the use phases of LIB based MPB and LIPB based MPB significantly contribute to the impact categories of GWP and FDP, about 41% and 58%, respectively. Since electricity consumption is the only source of environmental impacts in the use phase, the environmental burdens in these categories are mainly attributed to the combustion of coal with the Chinese grid power generation [42] . Moreover, the environmental impact of LIPB based MPB is larger than that of LIB based MPB with an average increment of 7% in the use phase, and this increment can be probably attributed to the longer cycle life of the LIPB based MPB: Through Equation (1), the electric energy consumption of this type of MPB is calculated to be 5.76 kWh throughout its entire cycle life, while the LIB based MPB only consumes 3.94 kWh electricity.
Recycling reduces the environmental impacts of the two types of MPBs by averaging 22%, and the environmental impact of the two types of MPBs are similar. In the recycling phase, the values of the indicators like FETP, HTP, METP, MDP, and TAP are reduced by 31-42%. This observation proves that the production of raw materials outweighs the environmental burdens associated with recycling, particularly in the category of MDP, the value of which is reduced by 42% due to recycling, as copper and the cathode materials take most of the benefits. The exceptions are the GWP and FDP, as only 1% reduction in these categorized impacts is observed. As it is evident from Table 3 , a great amount of electricity and natural gas are consumed in the hydrometallurgical recycling process of battery, responsible for the significant environmental impacts in the two categories during the recycling phase.
As the production phase has the greatest contributions to most of the environmental categories, this phase of two types of MPBs is further analyzed and compared, and the results are shown in Figure 6 . In Figure 6a , the overall environmental impacts associated with the production of LIB based MPB are significantly greater than those of LIPB based MPB during production, suggesting that the production of a LIPB based MPB could be much more environmentally friendly. The main reason for this finding is that the total mass of LIPB is much smaller than that of LIBs due to its high energy density, as shown in Table 1 . Moreover, as the LIPB is expected to enjoy a longer lifetime than LIB, the use phase electricity delivery has a greater relative impact for the former than for the latter; it directly weakens the environmental impacts of the production of LIPB based MPB when normalized for 1 MWh electricity delivery across its life cycle.
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(b) Split into the individual processes that belong to the production of MPB. Figure 6 . Environmental impacts of MPB production phase for different components. Figure 6b shows that the contribution of each component to the total values of the categories is quite similar. In this study, we employ LIB based MPB as an example to illustrate the contributions of the components. During its production phase, the fabrication of cathode contributes over 99% of the ODP value, mainly resulting from the use of tetrafluoroethylene (TFE); the combination of it and PE is taken as the proxy of PVDF, as suggested in previous literature by McManus [36] , and TFE has a high ODP score. The cathode is also the main contributor to the impact categories such as MDP, PMPF, and TAP, around 45%, attributed to the production of NMC. However, it is worth mentioning that the ReCiPe method does not include a depletion characterization factor for lithium, and therefore, the use of lithium has no MDP impact, which, in turn, results in an underestimated MDP value. The fabrication of the anode contributes on average 19% to the values of most categories except for the category of ODP. An in-depth analysis reveals that the relatively high toxicity impact significantly stems from the copper using negative electrode collector, while the primary copper indirectly causes the disposal of sulfidic tailings [43] that are respectively responsible for 34%, 32%, and 42% of the values of FEP, METP, and HTP, respectively. The fabrication of PCB contributes about 11%~29% for the values of most environmental categories, similar to the anode. The cell container of batteries and the packaging of MPB have minor environmental impacts.
As for LIPB based MPB, the environmental impacts are on average 66% smaller than that of LIB based MPB in all of the categories, and the difference between these categories is not noticeable. It should be noted that the anode contributes half share of the differences in these corresponding Figure 6b shows that the contribution of each component to the total values of the categories is quite similar. In this study, we employ LIB based MPB as an example to illustrate the contributions of the components. During its production phase, the fabrication of cathode contributes over 99% of the ODP value, mainly resulting from the use of tetrafluoroethylene (TFE); the combination of it and PE is taken as the proxy of PVDF, as suggested in previous literature by McManus [36] , and TFE has a high ODP score. The cathode is also the main contributor to the impact categories such as MDP, PMPF, and TAP, around 45%, attributed to the production of NMC. However, it is worth mentioning that the ReCiPe method does not include a depletion characterization factor for lithium, and therefore, the use of lithium has no MDP impact, which, in turn, results in an underestimated MDP value. The fabrication of the anode contributes on average 19% to the values of most categories except for the category of ODP. An in-depth analysis reveals that the relatively high toxicity impact significantly stems from the copper using negative electrode collector, while the primary copper indirectly causes the disposal of sulfidic tailings [43] that are respectively responsible for 34%, 32%, and 42% of the values of FEP, METP, and HTP, respectively. The fabrication of PCB contributes about 11%~29% for the values of most environmental categories, similar to the anode. The cell container of batteries and the packaging of MPB have minor environmental impacts.
As for LIPB based MPB, the environmental impacts are on average 66% smaller than that of LIB based MPB in all of the categories, and the difference between these categories is not noticeable. It should be noted that the anode contributes half share of the differences in these corresponding categorized impacts of MPB, mainly because the LIPB uses much less copper foil in the anode than LIB, the production of which is reported to contribute more than 80% of the environmental impacts of the categories of FETP, HTP, METP, and TETP during the battery manufacturing [37] .
For the categories of GWP and FDP, the battery manufacturing process accounts for around 35% of both shares. This is attributed to the intensive electricity consumption in the process (i.e., 7.5 kWh/kg), among which the electrode drying used to evaporate NMP solvent from the cathode slurry has been identified as the primary contributor. In comparison, Deng et al. estimated an electricity consumption of 11.3-22.8 kWh/kg for the LIB production [44] , while other works reported substantial lower electricity consumption within the range of 1-5 MJ/kg [23] ; this significant difference is mainly caused by ignoring the dry room facility, which is used to evaporate NMP solvent. Moreover, note that our data does not include the energy requirement of the MPB assembly process, and this would inevitably lead to a lower environmental impact value in the production phase. Figure 7 displays the convergence process of the GWP impact during the overall life cycle of LIB based MPB, intending to capture the major processes of release of CO 2 emissions and to identify their contributions. categorized impacts of MPB, mainly because the LIPB uses much less copper foil in the anode than LIB, the production of which is reported to contribute more than 80% of the environmental impacts of the categories of FETP, HTP, METP, and TETP during the battery manufacturing [37] . For the categories of GWP and FDP, the battery manufacturing process accounts for around 35% of both shares. This is attributed to the intensive electricity consumption in the process (i.e., 7.5 kWh/kg), among which the electrode drying used to evaporate NMP solvent from the cathode slurry has been identified as the primary contributor. In comparison, Deng et al. estimated an electricity consumption of 11.3-22.8 kWh/kg for the LIB production [44] , while other works reported substantial lower electricity consumption within the range of 1-5 MJ/kg [23] ; this significant difference is mainly caused by ignoring the dry room facility, which is used to evaporate NMP solvent. Moreover, note that our data does not include the energy requirement of the MPB assembly process, and this would inevitably lead to a lower environmental impact value in the production phase. Figure 7 displays the convergence process of the GWP impact during the overall life cycle of LIB based MPB, intending to capture the major processes of release of CO2 emissions and to identify their contributions. Figure 7 shows that the three major contributors of GWP are: (1) the electricity consumption in the MPB use phase, (2) battery manufacturing process and (3) the cathode production. More than 40% of the GWP value stems from electricity usage. The contribution of PCB is noticeable, accounting for almost 21% of share with only 3% of the total mass of MPB, and the copper used in it is responsible for a large part of the toxicity and ecotoxicity impacts [24] . Production of the cathode and the TFE results in around 23% of the GWP value, and the production of the electrolyte lead to 24% of the share. Corresponding to Figure 6 , the GWP value of the use phase of LIPB based MPB could be even Figure 7 shows that the three major contributors of GWP are: (1) the electricity consumption in the MPB use phase, (2) battery manufacturing process and (3) the cathode production. More than 40% of the GWP value stems from electricity usage. The contribution of PCB is noticeable, accounting for almost 21% of share with only 3% of the total mass of MPB, and the copper used in it is responsible for a large part of the toxicity and ecotoxicity impacts [24] . Production of the cathode and the TFE results in around 23% of the GWP value, and the production of the electrolyte lead to 24% of the share. Corresponding to Figure 6 , the GWP value of the use phase of LIPB based MPB could be even larger owning to its longer cycle life. Furthermore, the three major contributors also exert significant impacts on the other impact categories, see Figure 6 .
Comparison of Batteries
The environmental impacts due strictly to the battery production are presented in Figure 8 . This figure presents total impacts for two alternative FUs, along with a component-wise allocation of the environmental impacts of battery production. Figure 8a shows that each kilogram of LIB performs relatively worse than LIPB for all impact categories, and in Figure 8b this difference is amplified by the larger use phase efficiency of LIPB and the fact that each kilogram of LIPB is supposed to deliver between 3 to 4 times more electricity in its cycle life. Moreover, it could be another reason for a smaller environmental impact of LIPB based MPB production than that of LIB based MPB. larger owning to its longer cycle life. Furthermore, the three major contributors also exert significant impacts on the other impact categories, see Figure 6 .
The environmental impacts due strictly to the battery production are presented in Figure 8 . This figure presents total impacts for two alternative FUs, along with a component-wise allocation of the environmental impacts of battery production. Figure 8a shows that each kilogram of LIB performs relatively worse than LIPB for all impact categories, and in Figure 8b this difference is amplified by the larger use phase efficiency of LIPB and the fact that each kilogram of LIPB is supposed to deliver between 3 to 4 times more electricity in its cycle life. Moreover, it could be another reason for a smaller environmental impact of LIPB based MPB production than that of LIB based MPB.
(a) Total values relative to the production of battery with higher impacts (Mass based FU).
(b) Total values relative to the production of battery with higher impacts (Specified FU).
(c) Split into the individual components that belong to the production of battery. The production of the anode and cathode are the two major contributors to most of the categorized environmental impacts. For the anode production, the contribution of LIB based MPB is noticeably larger than that of LIPB based MPB in most of the environmental categories, such as FETP, FEP, HTP, and MDP. While the materials used to produce the anodes in LIB and LIPB are the same, the most noticeable difference lies in the mass ratio of copper foil negative electrode collector. The lower mass ratio of copper foil in LIPB results in smaller impacts. In addition, electrolyte is the major The production of the anode and cathode are the two major contributors to most of the categorized environmental impacts. For the anode production, the contribution of LIB based MPB is noticeably larger than that of LIPB based MPB in most of the environmental categories, such as FETP, FEP, HTP, and MDP. While the materials used to produce the anodes in LIB and LIPB are the same, the most noticeable difference lies in the mass ratio of copper foil negative electrode collector. The lower mass ratio of copper foil in LIPB results in smaller impacts. In addition, electrolyte is the major material difference between LIB and LIPB, and its environmental impact mainly varies in categories of GWP, FDP, MEP, POFP, and TETP with an average difference of 13%, attributed to the different lithium hexafluorophosphate contents.
Results of Sensitivity Analysis
In this study, a sensitivity analysis is performed in Figure 9 . material difference between LIB and LIPB, and its environmental impact mainly varies in categories of GWP, FDP, MEP, POFP, and TETP with an average difference of 13%, attributed to the different lithium hexafluorophosphate contents.
In this study, a sensitivity analysis is performed in Figure 9 . First, we examine the GWP value of MPB when its cycle life changes. In Figure 9a , it is noted that extending the cycle life of LIB based MPB from 300 to 600 times would increase the value of GWP by 56%. Similarly, as the cycle life of LIPB is halved or doubled, the initial value of GWP would be changed between −54% and 38%. It shows that cycle life plays a considerable role in the environmental performance of MPB life cycle, the smaller the cycle life, the lower the electricity loss in the use phase and hence the smaller the proportion of the use phase impacts in its life cycle. Further, it also be noted that higher utilization of cycle life is very useful for bringing down the life cycle impacts of both MPBs.
To the best of our knowledge, the relationship between MPB behaving pattern and battery aging has not been fully explored [45] . Figure 9b shows that the GWP value decreases with the increasing discharging efficiency, and the reduction rate of LIPB is slightly greater than that of LIB. It means that the impact of LIPB is more sensitive to the changes in the discharging efficiency. Relative to the initial discharging efficiency in the use phase of LIB based MPB, a 10% reduction yields a 26% increase in the GWP value of MPB's life cycle, and a 10% increase can yield a 20% reduction reversely. Hence, when the discharging efficiency drops to a certain value, the energy consumption during the use phase is much larger than that in the initial state, and the overall environmental impacts of MPB's life cycle could be greater than those of a new one. In this case, it is not always beneficial to maximize the cycle life of MPB from an environmental viewpoint, and an optimal retirement point should be determined to achieve the minimization of the life cycle environmental impacts. First, we examine the GWP value of MPB when its cycle life changes. In Figure 9a , it is noted that extending the cycle life of LIB based MPB from 300 to 600 times would increase the value of GWP by 56%. Similarly, as the cycle life of LIPB is halved or doubled, the initial value of GWP would be changed between −54% and 38%. It shows that cycle life plays a considerable role in the environmental performance of MPB life cycle, the smaller the cycle life, the lower the electricity loss in the use phase and hence the smaller the proportion of the use phase impacts in its life cycle. Further, it also be noted that higher utilization of cycle life is very useful for bringing down the life cycle impacts of both MPBs.
To the best of our knowledge, the relationship between MPB behaving pattern and battery aging has not been fully explored [45] . Figure 9b shows that the GWP value decreases with the increasing discharging efficiency, and the reduction rate of LIPB is slightly greater than that of LIB. It means that the impact of LIPB is more sensitive to the changes in the discharging efficiency. Relative to the initial discharging efficiency in the use phase of LIB based MPB, a 10% reduction yields a 26% increase in the GWP value of MPB's life cycle, and a 10% increase can yield a 20% reduction reversely. Hence, when the discharging efficiency drops to a certain value, the energy consumption during the use phase is much larger than that in the initial state, and the overall environmental impacts of MPB's life cycle could be greater than those of a new one. In this case, it is not always beneficial to maximize the cycle life of MPB from an environmental viewpoint, and an optimal retirement point should be determined to achieve the minimization of the life cycle environmental impacts.
A sensitivity analysis with respect to the electricity consumption during the use phase of MPB is performed in Figure 9c . Compared with the current electricity mix, a 17% increase in the GWP value occurs when electricity is generated based on coal. In the third scenario where the electricity is based on natural gas, a 23% reduction in the GWP value is achieved. In the last two scenarios, the electricity is generated based on nuclear and hydro, leading to a noticeable 56% decrement when compared with the current electricity mix. While these two cleaner energy sources could achieve environmental and climatic benefits, they are also economically competitive to high carbon-intensive energy sources [46] .
In sum, according to the results of sensitivity analysis, the overall environmental performance of two types of MPB can be further approved by improving the initial charging efficiency, replacing a new MPB after a certain number of cycle life and choosing low carbon-intensive electricity sources like natural gas and hydro as well.
Resource Depletion
The increasing demand for MPBs leads to a significant amount of metal depletion, and this study investigates the consumption of lithium, cobalt, and copper, which are frequently studied in the battery literature [47] . Based on the sales data acquired from Gu et al. [1] , Figure 10 presents the metal depletion, including cobalt, lithium, and copper, in the Chinese MPB industry between the years 2010 and 2020. From the year 2010 to 2015, there is nearly a twelve-fold increase in the metal depletion, and the depletion of copper is much larger than the other two metals, with a significant increase from 330 to 3946 tons by the end of 2015. Since 2016, the metal demand in the Chinese MPB industry is supposed to continue increasing, while the growth tends to flatten as the market gradually becomes saturated. For example, the demand of cobalt will reach 2520 tons with a growth rate of 2.6% in the year 2020, and this demand will be twice as large as in the year 2015. The prospects and benefits from the recovery of the three metals above are discussed as follows. based on natural gas, a 23% reduction in the GWP value is achieved. In the last two scenarios, the electricity is generated based on nuclear and hydro, leading to a noticeable 56% decrement when compared with the current electricity mix. While these two cleaner energy sources could achieve environmental and climatic benefits, they are also economically competitive to high carbon-intensive energy sources [46] . In sum, according to the results of sensitivity analysis, the overall environmental performance of two types of MPB can be further approved by improving the initial charging efficiency, replacing a new MPB after a certain number of cycle life and choosing low carbon-intensive electricity sources like natural gas and hydro as well.
The increasing demand for MPBs leads to a significant amount of metal depletion, and this study investigates the consumption of lithium, cobalt, and copper, which are frequently studied in the battery literature [47] . Based on the sales data acquired from Gu et al. [1] , Figure 10 presents the metal depletion, including cobalt, lithium, and copper, in the Chinese MPB industry between the years 2010 and 2020. From the year 2010 to 2015, there is nearly a twelve-fold increase in the metal depletion, and the depletion of copper is much larger than the other two metals, with a significant increase from 330 to 3946 tons by the end of 2015. Since 2016, the metal demand in the Chinese MPB industry is supposed to continue increasing, while the growth tends to flatten as the market gradually becomes saturated. For example, the demand of cobalt will reach 2520 tons with a growth rate of 2.6% in the year 2020, and this demand will be twice as large as in the year 2015. The prospects and benefits from the recovery of the three metals above are discussed as follows. Lithium: As shown in Figure 10 , the lithium content in the MPB is much lower when compared with the content of cobalt and copper, and this can lead to an inefficient recovery of lithium [48] . Besides, due to the low present price, lithium is unlikely to be recycled in the current recycling system [1] . Currently, it is believed that there is no danger of running out of lithium resource in this century, but a high potential of supply shortage could be identified [49, 50] . Thus, a dynamic monitoring of continued use of lithium should be considered, and improvement of the process efficiency is essential to shave this potential of lithium supply disruption.
Cobalt: With rapid proliferation of LIBs, China's cobalt deposits are strained, and the availability Lithium: As shown in Figure 10 , the lithium content in the MPB is much lower when compared with the content of cobalt and copper, and this can lead to an inefficient recovery of lithium [48] . Besides, due to the low present price, lithium is unlikely to be recycled in the current recycling system [1] . Currently, it is believed that there is no danger of running out of lithium resource in this century, but a high potential of supply shortage could be identified [49, 50] . Thus, a dynamic monitoring of continued use of lithium should be considered, and improvement of the process efficiency is essential to shave this potential of lithium supply disruption.
Cobalt: With rapid proliferation of LIBs, China's cobalt deposits are strained, and the availability and carrying capacity of cobalt resources have received much attention [51] . China has started to pose rigorous regulations on promoting the recycling of spent LIBs and cobalt products, with the objective of elevating the resource efficiency and enhancing the carrying capacity [52] . Zeng and Li suggested that 90% recycling rate of cobalt should be achieved to meet the ever-increasing demand [53] . In this study, a hydrometallurgical procedure that is supposed to achieve 90% cobalt recycling rate is used in modeling, but the procedure has not yet been widely practiced. The government is supposed to support the popularization of advanced recycling technologies to ensure the long-term stability in the metal supply.
Copper: There is no complete close-loop of metal resource for the current MPB industry; the production of batteries requires only pristine materials, as secondary copper is placed in other applications [36] . Here we calculate the environmental savings associated with replacing the pristine copper with the secondary copper. The result shows that using all-recycled copper in the MPB production can largely reduce the total MDP value by 59%, and an averaging 24% reduction of all other categorized impacts. It is of great benefits to promote recycling of resources in MPB, and more advanced recycling technologies are required to improve the quality of recycled materials, thus realizing the material circulation in MPB industry.
Discussion
To address the knowledge gaps in understanding the environmental performance of MBP, this study compiles a complete LCI of MPB. The LCA results show that the production of NMC in the cathode and copper in the anode brings great environmental burdens. Thus, from the environmental point of view, battery production has a large room for improvement; reducing energy consumption, optimizing material efficiency of cathode materials and aluminum shell in the battery production process has significant effect on reducing the environmental impact of MPB. In addition, owning to its high energy density and long cycle life [54] , NMC remains as the most commonly-used cathode material before 2025 [55] . Therefore, measures like developing new generations of batteries and improving manufacturing processes can be proposed to alleviate the material's environmental impacts. Amongst the candidates, developing new generations of batteries is a research hotspot. For example, lithium sulfide (LiS) is considered as a promising candidate [56] , as it is composed of raw materials with adequate supplement and environmental benignity. However, due to technical challenges like unstable electrochemistry and deteriorated performance of both electrodes, it still has a long way to go in its commercial application.
This study shows that LIPB based MPB exhibit a significantly better environmental performance than LIB and its MPB. Combined with multiple advantages such as high energy density, safety, and design flexibility [6] , extending the market share of LIPB based MPB seems to be an environmentally friendly practice, yet its price is still higher than that of LIB, hindering its applicability. The results of the sensitivity analysis show that it is more environmentally friendly to expand the cycle life of both types of batteries. However, due to the degradation of capacity and efficiency during each cycle [57] , it might not always be wise to increase the quantity of the cycle life of these batteries. Hence, attention should be paid on investigating the degradation behaviors of these batteries and developing battery management strategies, with the objective of finding an optimal retirement point to minimize the life cycle costs and environmental impacts of MPB. Moreover, with the appearance and wide spread of sharing MPBs lately, this result can be used as a reference for the market management and recycling strategy of sharing MPB from the environmental perspective.
From the view point of resource management, the metal demand including cobalt and lithium in the Chinese MPB industry is supposed to continue increasing, although the growth tends to flatten. Efficient recycling of MPB is proved to effectively ease the burden of resource depletion, achieving a 42% reduction of MDP. Consequently, the MPB recycling should be incorporated into the existing WEEE recycling system. However, battery recycling has not been widely adopted and practiced, as there are less than 10% of LIBs used in CEs are recycled in the extant recycling system [1] . To promote the recycling rate of MPB, a series of options should be considered. First, it is of great importance to propose a standardized MPB disposal procedure, in which the determination of retirement point and disposal/recycling processes should be included. Secondly, with the implementation of EPR of China published in January 2017 [58] , stakeholders are supposed to strengthen the life cycle management of their own products. A clear delineation of the responsibilities of each stakeholder in every recycling phases is highly desirable. Moreover, administrators should pay more attention to supporting licensed disposers in adopting advanced processes.
Conclusions
This study applies an LCA method to assess the life cycle environmental impacts of the typical MPBs; the differences in the environmental performance of MPB based on two types of batteries are assessed and compared. Our results suggest that the MPB production dominates most categorized environmental impacts, attributed to the use of cathode material NMC and anode material copper in the battery. The electricity consumption during the use phase greatly affects climate change and fossil depletion. In general, LIPB based MPB is environmentally friendlier than LIB based MPB. Due to the capacity degradation, improving the initial charging efficiency and replacing a new MPB after a certain number of cycle life might effectively alleviate the environmental impact. Another potential route for environmental improvement is to use less carbon-intensive energy sources such as nuclear and hydro. Further, an efficient recycling process is needed to reduce the environmental impact of MPB, as well as ease the burden of resource depletion; and recycling criteria for different metals like lithium and cobalt should be differentiated. Implications of the mitigating opportunities of MPB industry are given in three aspects: (1) seeking environmentally-friendlier battery chemistries; (2) managing to reduce the manufacturing cost of LIPB based MPB and promoting the use of LIPB based MPB; (3) developing an effective MPB recycling industry and legal system.
The study could be used by stakeholders to gauge current environmental performance of MPB. It could also serve as a tool to facilitate managerial decisions and even direct measures to improve the environmental performance of MPB industry. The future research can be extended in the following directions: (1) to improve accuracy and inclusiveness of the LCI data, (2) to model the degradation behaviors of MPB to determine optimal retirement point and provide guidance for the management and recycling strategy of sharing MPB, (3) to incorporate MPB recycling into the existing WEEE recycling system and seek for proper end-of-life management for MPB that maximizes the environmental benefits. 
Conflicts of Interest:
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Appendix A
1. The cathode paste is made of Li(Ni0.4Co0.2Mn0.4)O2, small amounts of carbon black, binder, and other additives. These materials are mixed in a chemical vessel and then pumped to the coating machine.
2. Coating machines spread the paste on both sides of the Aluminum foil, drying the foil and calendaring it to make the thickness more uniform and then slit to the desirable sizes.
3. The anode paste is made of synthetic graphite and s binders in a process similar to that used for the cathode paste and then spread on copper foil to produce the anodes.
4. The separator is a porous low-density polyethylene (LDPE) film, and the dried three-layer assembly is calendared, slit, and cylindrically for the 18650 container.
5. The layers are secured within a polyethylene pouch and tucked into a steel canister. The battery cell is filled with a premixed non-aqueous electrolyte solution of lithium hexafluorophosphate (LiPF6) in ethylene carbonate.
6. The cell casing is sealed and the copper end tab is attached, then the laminated cell is racked, and it undergoes activation by charge-discharge cycling. Inspection and testing follow completion of the formation step. Figure A1 . Schematic of battery assembly processes. The 18650-battery cell consists of five subcomponents: anode, cathode, separator, electrolyte, and cell container; typical processes used for production of small commercial 18650-battery are described here.
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